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Sharp  notch  stress  corrosion  properties  of  transverse  loaded,  unlaxially  aligned  B/6061-T6  Al, 
B/6061-F  Al,  B/2024-FA1  and  0/201  Ai/2024  Al  composites  have  been  evaluated  In  a salt  water 
environment  and  in  laboratory  air.  For  both  environments,  delayed  time  ftactures  were  observed 
in  those  B/Al  specimens  that  were  dead  weight  loaded  to  stress  Intensities  greater  than  approxi- 
mately 80%  of  the  overload  fracture  toughness.  Ftactures  did  not  occur,  within  the  1000  hour 
time  limit,  for  specimens  subiected  to  lower  stress  Intensities.  Based  on  comparisons  of  the  data 
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for  nit  water  and  air  txpoaum,  analyan  of  the  crack-openlng-diaplaceiiient  venus  time  data,  and 
appearanoea  of  the  fracture  aurfacea.  It  la  concluded  that  the  delayed  time  fhilurea  in  B/Al  were 
cauaed  by  room  temperature  creep.  For  the  G/Al  compodte,  load  carrying  aqwdty  was  reduced 
about  25%  duo  to  1000  hour  Immetilon  In  salt  water.  Delayed  time  failures  were  attributed  to 
the  combined  effects  of  room  temperature  creep  and  pitting  corrosion  adjacent  to  the  crack  tip. 


SHARP  NOTCH  STRESS  CORROSION  CRACKING  OF 
B/Al  AND  G/Al  COMPOSITES 
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INTRODUCTION 

It  is  well  established  that  the  stress  corrosion  re- 
sistance of  wrought  aluminum  alloys  is  determined  by  alloy 
content,  heat  treat  history  and  load/crack  direction.  It 
would  be  expected  that  the  stress  corrosion  resistance  of 
aluminum  matrix  composites  would  be  Influenced  by  these  same 
variables  plus  the  added  complications  associated  with  the 
quality  of  the  bond  between  the  fibers  and  the  matrix,  the 
diffusion  reactions  which  occur  during  elevated  temperature 
exposure,  and  the  stress  corrosion  resistance  of  the  fibers 
themselves . 

Over  the  past  ten  years,  considerable  research  has  been 
devoted  to  the  development  of  boron/aluminum  composites  for 
aerospace  applications,  but  most  of  this  effort  has  been  di- 
rected toward  increasing  the  specific  strength  and  specific 
modulus  while  retaining  acceptable  impact  resistance.  The 
effort  devoted  to  evaluating  the  corrosion  properties  of 
these  materials  has  been  minimal  considering  that  one  of  the 
major  potential  uses  of  these  composites  is  on  carrier  based 
naval  aircraft.  Prior  to  beginning  this  research,  there 
were  reasons  to  think  that,  under  certain  conditions,  stress 
corrosion  could  be  a problem  with  these  materials.  First, 
corrosion  studies  of  B/Al  composites  in  unstressed  condi- 
tions have  shown  severe,  but  very  localized,  corrosive  at- 
tack at  the  fiber/matrix  interface  and  at  the  diffusion  bond 
line  between  the  foil  layers  in  diffusion  bonded  composites.  ® 
In  another  paper,  little  interface  corrosion  was  reported.® 
Interface  corrosion  would  reduce  the  strength  of  the  compos- 
ite when  tensile  stresses  normal  to  the  corroding  interface 
were  present.  By  definition,  fracture  would  occur  by  stress 
corrosion  if  the  material  had  a lower  strength  when  the  cor- 
rodent and  stress  were  applied  simultaneously  than  when  the 
corrodent  and  stress  were  applied  sequentially.  It  should 
be  pointed  out,  however,  that  the  localized  corrosion  was 
reported  in  the  early  1970's,  and,  since  that  time,  progress 
has  been  made  in  the  diffusion  bonding  of  B/Al  composites. 

The  better  the  diffusion  bond,  the  lower  the  chance  of  inter- 
face  corrosion  failures. 

Note:  Manuscript  submitted  September  16,  1977 
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Second,  stress  corrosion  of  unlaxlally  alinned  B/Al 
composites  have  been  evaluated  in  a salt  spray  chamber  with 
the  tensile  stresses  applied  parallel  to  the  specimen  fiber 
axis.*  The  residual  strength  of  B/6061  A1  in  both  the  as 
fabricated  and  T6  conditions  was  unaffected  by  salt  spray 
exposure  for  periods  up  to  one  month.  B/2024-T6  A1  showed  a 
slight  decrease  in  residual  strength  with  Increasing  expo- 
sure time  while  B/2024-F  A1  experienced  complete  matrix  dis- 
integration in  a period  of  less  than  one  month.  Care  was 
taken  to  electrically  isolate  the  aluminum  matrix  composite 
from  the  steel  load  fixture  but  condensation  inside  the  salt 
spray  chamber  could  have  galvanically  coupled  the  specimen 
and  the  fixture,  causing  the  failure. 

Graphite/aluminum  composites  are  in  n much  earlier  stage 
of  development  than  B/Al  composites.  Concern  over  the  elec- 
trochemical potential  difference  which  exists  between  G and 
A1  has  stimulated  several  studies  on  the  corrosion  proper- 
ties of  G/Al  composites^*  * and  on  the  corrosion  properties 
of  wrought  aluminum  when  attached  to  graphite  f iber/ polymer 
matrix  composites.  * j'' *•  There  was  no  known  work  on  the  stress 
corrosion  properties  of  G/Al. 

I 

i The  objective  of  this  research  was  to  evaluate  the  sharp 

\ notch  stress  corrosion  properties  of  diffusion  bonded  plates 

of  B/6061-T6  Al,  B/6061-F  A1 , B/2024-F  A1  and  G/201  A1/2024-F 
Al.  Tests  were  conducted  on  transverse  loaded  compact  ten- 
sion specimens  in  both  laboratory  air  and  salt  water  envi- 
ronments. 


PROCEDURE 

Diffusion  bonded  6.4  mm  (0.25  inch!  thick  plates  of 
B/6061-F  Al  and  B/2024-F  Al  were  fabricated  using  aluminum 
foil  as  the  matrix  material.  The  reinforcement  was  50  vol  T , 
unlaxlally  aligned,  0.142  mm  (0.0056  inch)  diameter  boron 
filaments  which  had  been  manufactured  by  the  chemical  vapor 
deposition  of  boron  onto  a heated  tungsten  wire  substrate. 
Both  the  B/6061-F  Al  and  the  B/2024-F  Al  were  tested  as  re- 
ceived, with  no  heat  treatment  other  than  that  associated 
with  the  diffusion  bonding  process.  In  addition,  one  plate 
of  B/6061-F  Al  was  heat  treated  to  a T6  condition  by  subjec- 
ting the  material  to  a solution  temperature  of  504  C (940  F) 
for  15  minutes,  quenching  in  water,  and  aging  at  160  C 
(320  F)  for  18  hours.  This  procedure,  which  deviates  slight- 
ly from  the  typical  heat  treatment  for  wrought  6061-T6  Al,* 
is  designed  to  give  T6  properties  to  the  composite  while 
minimizing  objectionable  high  temperature  diffusion  reac- 
tions.'® Suitability  of  the  non-standard  heat  treatment  was 
verified  by  heat  treating  wrought  6061  Al  coupons  and  by  four 
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point  bend  testing  specimens  cut  from  the  heat  treated  com- 
posite. The  coupon  hardness  was  Re  55,  which  is  within  the 
Rp  47  to  72  range  reported  as  typical  for  wrought  6061-T6 
Al.'^  The  measured  fracture  stress  for  the  composite  in  a 
direction  perpendicular  to  the  fibers,  which  is  the  weak  di- 
rection, was  450  MPa  (65.2  ksl>.  This  compares  favorably 
with  values  reported  in  the  literature  for  B/6061-T6  A1  and 
greatly  exceeds  a typical  fracture  stress  of  120  MPa  (17ksi) 
for  B/6061-F  Al.'  » 


The  graphite/201  aluminum/2024  aluminum  composite  was 
prepared  by  liquid  metal  infiltrating  Thornel  50  graphite 
fibers  with  a 201  A1  casting  alloy  to  form  1.6  mm  (0.063 
inch)  diameter  impregnated  tows.  These  impregnated  tows 
were  uniaxially  aligned  and  diffusion  bonded  into  6.4  mm 
(0.25  inch)  thick  plates  with  a graphite  fiber  content  of 
approximately  28  vol  %.  Layers  of  2024  A1  foil  were  placed 
between  the  layers  of  Impregnated  tows  to  minimize  fiber 
breakage  during  bonding.  The  material  was  not  heat  treated 
after  fabrication.  Since  G/Al  composites  are  undergoing 
rapid  improvements  in  mechanical  properties,  unnotched  4- 
point  bend  strengths  were  measured  to  characterize  the  mate- 
rial. The  axial  fracture  stress  was  675  MPa  (98  ksi)  and 
the  transverse  fracture  stress  was  64  MPa  (9.3  ksi).  This 
transverse  bend  strength  is  higher  than  the  typical  trans- 
verse tensile  strength  of  35  MPa  (5  ksi)  but,  because  of  a 
surface  foil  layer  and  the  nonuniform  stress  distribution, 
bend  strengths  are  almost  always  higher  than  tensile 
strengths  in  G/Al. 


Stress  corrosion  properties  of  precracked  compact  ten- 
sion specimens  were  evaluated  using  the  dead  weight  load 
fixture  shown  in  Figure  1 and  the  sample  geometry  shown  in 
Figure  2.  Because  holes  are  difficult  to  drill  in  B/Al,  the 
specimens  were  loaded  at  the  crack  line  using  two  steel 
links.  One  link  was  attached  to  a take-up  mechanism  which 
could  be  adjusted  to  compensate  for  small  differences  in 
sample  geometry.  The  other  link  was  attached,  through  a 
pivoted  10  to  1 load  magnification  arm,  to  a dead  weight 
load.  The  figures  show  that  the  fibers  were  all  aligned  in 
the  same  direction,  the  cracks  were  parallel  to  the  fibers, 
and  the  loads  were  perpendicular  to  the  fibers.  That  is, 
the  loads  were  applied  in  the  transverse,  or  weak,  direction. 
This  orientation  was  chosen  because,  for  most  filamentary 
composite  structures,  the  toughness  and  stress  corrosion 
properties  in  the  transverse  direction  were  expected  to  be 
more  critical  than  the  corresponding  properties  in  the  axial 
direction.  In  order  to  conserve  material,  two  sample  sizes 
were  used.  Dimensions  were  chosen  such  that  four  of  the 
smaller  35  mm  by  33  mm  (1.4  inch  by  1.3  inch)  test  pieces 
could  be  cut  from  each  of  the  fractured  74  mm  by  70  mm  (2.9 
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inch  by  2.7  inch)  test  pieces.  All  specimens  were  6.4  mm 
(0.25  inch)  thick. 

Dead  weight  load  tests  were  conducted  in  3fT  salt  water 
solution  prepared  from  reagent  grade  NaCl  and  in  laboratory 
air.  For  the  salt  water  tests,  galvanic  coupling  between 
the  specimens  and  the  loading  fixtures  was  prevented  by 
keeping  the  steel  grips  out  of  the  salt  solution.  General 
corrosion  of  the  immersed  material  was  prevented  by  coating 
the  specimens  with  Pyseal,  which  is  a low  melting  point  wax. 
The  areas  adjacent  to  the  crack  were  left  uncoated  to  simu- 
late the  conditions  which  would  exist  in  a plated  or  coated 
structure  where  the  protective  layer  had  been  chipped  or 
damaged. 

Overload  fracture  toughness  tests  were  conducted  on  a 
universal  testing  machine  in  an  air  environment  to  establish 
a reference  for  evaluating  time  dependent  effects.  The  same 
specimen  geometry  was  used  for  the  overload  and  delayed  time 
tests  except  for  a few  of  the  early  overload  specimens,  which 
had  a spark  cut  crack  tip  with  a radius  of  about  0.02  mm 
(0.001  inch)  instead  of  a fatigue  cracked  tip.  I'nlike  high 
strength  wrought  metals,  the  toughness  of  B’Al  in  the  axial 
direction  is  independent  of  notch  sharpness  provided  the 
notch  radius  is  less  than  a few  tenths  of  a mm.^*  Compari- 
son of  the  spark  cut  and  fatigue  cracked  data  indicates  that 
the  transverse  fracture  toughness  is  also  independent  of 
notch  sharpness,  at  least  over  the  range  studied,  and  no 
distinction  has  been  made  between  the  overload  data  from  the 
spark  cut  and  the  fatigue  cracked  samples.  Spark  cutting 
was  not  used  on  specimens  subjected  to  dead  weight  loading 
because  steel  from  the  eroded  razor' blade  electrode  used  to 
produce  the  crack  tip  was  deposited  on  the  sample  and  this 
contamination  could  influence  the  corrosion  resvilts.  Fatigue 
precracking  was  done  on  an  electrohydraul ic  testing  machine 
in  an  air  environment. 


RESULTS 

Stress  Intensity  factors,  as  determined  using  equations 
published  for  homogeneous.  Isotropic  mater  ials*  ^ * versus 
time  to  fracture  are  given  in  Figures  3 through  6 for  the 
four  materials  studied.  The  "zero"  time  to  fracture  data 
were  computed  using  the  maximum  loads  measured  during  the 
overload  fracture  toughness  tests,  instead  of  the  customary 
5T  offset  criterion.  Data  to  the  right  of  the  zero  time 
axis  were  obtained  by  dead  weight  loading  the  sv>eclmens  in 
either  air,  denoted  by  circles,  or  in  salt  water,  denoted  by 
rectangles.  The  solid  symbols  are  for  the  larger  74  mm  by 
70  mm  (2.9  inch  by  2.7  inch)  specimens  and  the  open  symbols 


are  for  the  smaller  35  mm  by  33  nun  (1.4  inch  by  1.3  Inch) 
specimens.  An  arrow  attached  to  a data  point  indicates  that 
the  material  did  not  fail  within  the  time  specified,  usually 
1000  hours. 

Figure  3 shows  that,  at  stress  intensities  less  than 
80^  of  the  overload  fracture  toughness,  there  were  no  fail- 
ures in  B/6061-T6  A1  within  the  1000  hour  time  limit  which 
was  imposed.  At  higher  stress  intensities,  there  were  de- 
layed time  failures  in  samples  which  were  tested  in  salt 
water  and  in  samples  which  were  dead  weight  loaded  in  air. 

A comparison  of  the  solid  and  open  symbols  reveals  little 
or  no  specimen  size  effect  for  this  composite. 

Stress  Intensity  versus  time  to  fracture  data  for 
B/2024-F  A1  is  given  in  Figure  4.  A horizontal  scatter  band 
corresponding  to  the  range  in  values  which  were  measured  in 
the  overload  tests  has  been  drawn  through  the  data.  For 
this  material,  there  appears  to  be  a specimen  size  effect, 
with  the  larger  test  pieces  having  slightly  greater  load 
carrying  capacity  than  the  smaller  test  pieces.  Toughness 
does  not  decrease  significantly  with  sustained  loading  in 
either  air  or  salt  water. 

Figure  5 is  a plot  of  stress  intensity  as  a function  of 
time  to  fracture  for  B/6061-F  Al.  The  results  are  similar 
to  B/2024-F  Al  except  the  specimen  size  effect  is  much 
larger  and  separate  horizontal  scatter  bands  have  been  drawn 
for  the  large  and  small  specimens. 

Stress  intensity  versus  time  to  fracture  for  G/201 
Al/2024  Al  is  shown  in  Figure  6.  For  this  composite,  the 
larger  specimens  have  significantly  greater  toughness  than 
the  smaller  specimens  and  two  curves  have  been  drawn  through 
the  data.  These  curves  are  based  on  salt  water  exposure  re- 
sults because,  for  the  loads  used  in  this  study,  none  of  the 
specimens  which  were  dead  weight  loaded  in  air  failed. 

The  maximum  stress  intensity  for  a 1000  hour  life  in 
salt  water  is  about  75%  of  the  overload  fracture  toughness. 
The  corresponding  stress  Intensity  for  exposure  in  air  is 
estimated  to  be  80  to  85%  of  the  overload  toughness.  This 
estimate  is  based  on  the  data  shown  in  Figure  6,  interpreta- 
tion of  crack-opening-displacement  versus  time  plots,  and 
inspection  of  exposed  specimens.  This  inspection  showed 
that  G/Al  composites  which  had  been  immersed  in  salt  water 
had  developed  large  corrosion  pits  that  were  several  milli- 
meters deep  in  the  uncoated  region  adjacent  to  the  crack 
tip.  The  load  carrying  capacity  of  G/Al  would  be  lower  in 
salt  water  than  in  air  due  to  the  stress  redistribution 
brought  about  by  the  presence  of  the  pits. 


DISCUSSION 

Development  of  fracture  touK^'noss  test  methods  and 
specimen  size  requirements  for  nonljomo^eneous , nonisotropic 
comtH'sites  is  an  active  researoli  area  and  many  problems  re- 
main unsolved.  Fortunately,  it  is  tiot  neces.sary  to  delay 
sharp  notch  stress  corrosion  research  on  composite  materials 
until  the  problems  in  conducting  and  interpreting  t tie  1 rac- 
ture  tou^thness  tests  have  been  worked  out.  By  usxnn  the 
same  specimen  peometry  for  overload  and  dead  weight  tests, 
changes  in  load  carrying  capacity  due  to  sustained  loading 
in  various  environments  can  be  measured  and  understood  even 
if  the  toughness  values  are  s{X‘cimen  si/e  dependent. 

Some  insight  into  the  nature  of  the  specimen  size  ef- 
fects can  be  obtained  from  stress  intensity  factor  versus 
crack-opening-displacement  (CODl  curves  measured  during  the 
overload  toughness  tests,  as  shown  in  Figure  7.  Note  that 
those  specimens  which  had  large  nonlinear  regions  in  their 
stress  intensity/COD  curves,  in  this  case  B b061-F  A1  and 
G''201  Al/'2024  Al,  also  had  a significant  size  effect. 

; a'6061-T6  Al . on  the  other  hand,  had  a reasonably  linear 

jj  stress  intensit  y 'tX)D  curve  and  no  detectable  size  effect. 

• a'2024-F  Al  fell  between  the  two  extremes. 

1 For  the  a^Al  conuxisites,  the  similarity  between  the  de- 

I ' layed  time  failure  data  for  the  samples  tested  in  salt  water 

; . and  for  samples  tested  in  air  suggests  that  the  failures  are 

i due  to  room  temperature  creep.  For  the  G Al  composite,  the 

failures  are  probably  also  creep  related  but,  in  this  case, 
there  is  the  added  complication  associated  with  the  deep 
corrosion  pits  which  were  observed  after  salt  water  immer- 
sion. Creep  of  composite  materials  has  been  studied  by  a 
number  of  researchers  but  most  of  this  work  has  been  carried 
out  at  elevated  temperatures  with  loads  applied  parallel  to 
] the  fibers.  The  room  temperatvire  creep  of  transverse  loaded 

BORSIC* ' 1100  Al  has  been  studied  by  Ericksen,!'  who  showed 
that  the  composite  undergoes  logarithmic  creep,  l.e.  strain 
increases  linearly  with  log  time,  at  stresses  greater  than 
SST  of  the  fracture  value.  The  logarithmic  relationship  is 
not  valid,  however,  for  strains  approaching  the  tensile 
strength  of  the  material  and,  at  a given  stress  level,  the 
BORSICIIOO  Al  composite  had  a lower  creep  rale  than  the  un- 
reinforced matrix  material.  Figure  8 shows  the  plot  of 
1 crack-opening-displacement  versus  time  for  the  B (UH»1-T0  Al 

i specimens  that  fractured  after  00  hours  in  a salt  water  en- 

vironment. The  curve,  which  was  obtained  from  a cllv'  gage 
outputted  to  a digital  printer,  has  the  shape  generally  as- 
sociated with  high  temperature  creep  failures. 

•Trade  name  for  SiC  coated  boron  filaments. 
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Additional  evidence  that  the  delayed  time  failures  are 
creep  related  may  be  obtained  by  examining  the  fracture  sur- 
faces. Figure  9 shows  the  fracture  surface  of  the  B/6061-T6 
A1  specimen  that  failed  after  42  hours  in  a salt  water  envi- 
ronment. The  fatigue  precrack  is  on  the  left  and  the  de- 
layed time  failure  is  on  the  right.  Note  that  the  delayed 
time  failure  involved  separations  at  the  fiber/matrix  inter- 
faces and  the  creation  of  deep  troughs  adjacent  to  each  fi- 
ber, which  appear  as  dark  lines.  According  to  the  creep 
failure  model,  this  lateral  contraction  would  be  required  to 
maintain  a constant  matrix  volume  during  plastic  flow.  Sim- 
ilarly appearing  fracture  surfaces  have  been  reported  for 
high  temperature  transverse  creep  failures  of  B/A1.^“  There 
was  no  evidence  of  "mud  cracked"  patterns  on  the  fracture 
surface,  which  are  often  associated  with  stress  corrosion 
cracking. 
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Pig.  2 — Compact  tension  specimens  used  to  evaluate  the  overioad 
delayed  time  toughness  of  B/AI  and  G/Al  composites 
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Fig.  3 — StfCM  intenaity  factor  versus  time  to  fracture  for  B/6061-T6 
Al  loaded  in  salt  water  and  air.  Large  specimens  are  denoted  by  shaded 
and  small  specimens  are  denoted  by  unshaded  symbols.  (1  y/in  ■ 
0.910  ksi  v^.). 
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Fig.  5 — Stteu  intensity  tgctor  versus  time  to  fracture  for  B/6061*F  A1  loaded 
in  salt  water  and  air.  Large  specimens  are  denoted  by  shaded  symbols  and  small 
specimens  ate  denoted  by  unshaded  symbols.  (1  \/m  ■ 0.910  ksi  v/m*)* 


GRAPHITE /ALUMINUM 
□ SALT  WATER 


TIME  TO  FRACTURE  (HOURS) 

Fig.  6 — Stress  intensity  factor  versus  time  to  fracture 
for  G/201  Al/2024  A1  loaded  in  salt  water  and  air. 
Large  specimens  are  denoted  by  shaded  symbols  and 
small  specimens  are  deno^  by  unshaded  symbols. 
(1  MPa  “ 0.910  ksi  y/in.). 
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/-G/201  AI/2024  A( 


CRACK  OPENING  DISPLACEMENT  (^m) 

Fig.  7 — StreM  intenilty  factor  versus  crack-opening-displacement 
for  74  mm  by  70  mm  (2.90  inch  by  2.76  inch)  compact  tension 
apacimans  of  B/6061<T6  M,  B/2024-F  Al,  B/_6061-F  Al  and  G/201 
Al/2024  Al.  (1  MPa  v^m  ■ 0.910  ksi  1 pm  > 39  pinches) 
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Fig.  8 — Crack-opening-displacement  versus  time  for  B/6061-T6  A1 
compact  tension  specimen  dead  weight  loaded  to  a stress  intensity 
factor  of  22.1  MPa  (20.1  ksi  in  a salt  water  environment. 
(1  pm  » 39  pinches). 


Pig.  9 — Fracture  surface  of  fatigue  piecracked  B/6061-T6  A1 
compact  tension  specimen  which  failed  after  42  hours  in  a salt 
water  environment.  (1  pm  « 39  pinches). 


